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OK  THE  ESTIMATION  OP  PERTURBATIONS  DUE  TO 
PLO^".'  AROUIID  BLAST  GAUGES 


1.  Introduction 


(1 


A  shock  tube ^   developed  at  the  Princeton  University 
Station  of  Dlv.  C  (NDRG)  furnishes  a  method  for  the  calibra- 
tion of  tourmaline  gauges  (and  other  gauc^s  for  measuring; 
pressure)  under  dynamic  conditions  resemblinf,  those  in  air 

blasts  from  bombs  and  guns.   Some  anomalies  in  the  callbra- 

(2 
tions  have  been  observed^  and  have  been  attributed  to  the 

deflection  of  the  air  flow  around  the  gauges.   This  memorandum 

presents  the  results  of  a  theoretical  investigation  on  the 

magnitude  of  such  effects  and  offers  criteria  for  choosing 

sizes  and  shapes  of  baffles  (and  of  shock  tubes)  to  reduce  the 

pressure  perturbations  to  negligible  proportions. 

2.   Physical  Considerations 

The  shock  tube  is  a  pipe,  generally  of  rectangular  cross 
section,  sealed  at  one  or  both  ends  and  divided  by  a  cellophane 
diaphragm  D  (see  Pig.  1)  into  a  compression  chamber  C  -md  an 
expansion  chamber  E. 
FIGURE  1.  Diagram  of  the 
shock  tube. 


An  initial  pressure  discontinuity  is  established  by  forcing 
air  into  C  (or  evacuating  air  from  E).   The  diaphragm  D  is 
then  broken  and  a  nearly  pl:ine  shock  wave  travel?  into  E 
v/hile  a  rarefaction  wave  travels  into  C  as  indicated  in  Fi^^ 


k 


*-'    Distance  along  tube 
Pressure  distribution  before  the 
diaphragE  D  is  broken. 

FIGURE  2, 


'-'  Distance  along  tube 
Pressure  waves  after  the 
diapliragm  D  is  broken. 
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The    pressure    distribution   c-n   he    cnlcul^tcd   explicitly    (soc 
Appendix). 

If   a   "stiff"   prer.sure    rrmce    is   mounted  v/ith   its   pick-up 
face    flush  with   the   v/all   of   the    tube    (sec   G    in  Fie*    1)      then, 
after  the    shock  wnvo   has   passed   over,    the    face    is   exposed   to 
a  constant  pressure   p  until  reflections   come   from  the   ends  of 
the    tube.      In   this   arrangement   the    v;all   of    the    tube    acts   as 
a  bfiffle   for    the    gauge ,      If,    however,    tlie    gauge    is   movmted 
in   the   center  of    the    tube    in   the    "edge    on"   position  with 
respect   to   the   oncoming  shock  wave,    the    gauge   will   distort 
the    shock  v/avo   and,   more    importantly,    the   flow  behind  the 
shock  wave.      This   exposed  end-on   position  has   been   favoured 
(at    least   until   recently)    because    it   corresponds    to   the 

orientation   e:nployed   in   air  blast  nsasurenents. 

(2 
In   a   series   of   experiments   Arons,et  al  have   found 

that   the    shock  tube   calibrations   of   tourmaline-crystal   pressure 

gauges    in   the   exposed   position    indicate    that   the    gauge   perturbs 

the   pressure   p,    the    perturbation   becoming   larger   for  larger 

values   of   Pi/Pq    (see   Fig.    2). 

It   has  been   suggested   that   this   perturbation   is  mainly 

due   to   tlio   distortion   produced   in  the   mass   flow  pattern  by  the 

presence    of   the    gauge    itself.      If  this   hypothesis    is   correct, 

the    resulting  pressure   change    co'^ld  be   reduced  by  placing 

a   properly  designed  baffle    aroimd  the    gauge   as    indicated   in 

Pig.    3,    and  by  having   the    cross-section   of    the    shock  tube 

sufficiently  large. 


Flow 


FIGURE  3.      Baffle   around  gauge 


The   baffle   could   extend   -'.cross    the    shock  tube   making   the   flov; 
effectively  two  dimensional  and   therefore    particularly  amenable 
to   calculation  of   pressure   distribution.       (Presumably  for 
measuring  air  blast   in    the   open   the   size   of   the   baffle   would 
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be    llr.itcd  by  buffetinc  effects.) 

It    Is    the   purpose   of   this  memornndum  to   cstin-^te    tho 
prearAxre   perturbntion  corrcspondinr   to   flov;  arotind  various 
indiC'tlvo    shapes   of  baffles.      It    is   nssuned   that   nn   effectively 
steady  flow  around   the    gauge    is   attained.      Actually  there   .-re 
reflections    from    the    side   vi^ll3   of    the    tube    subsequent    to   the 
initial    sc.'itterinC     of   the    shock  v/nvc   by  the    gauge    and    its 
bnfflcjbut  these    transients    are   apparently  rapidly  attenuated, 
yielding  nearly  steady  flow  with  or  v^ithout   stationary  shock 

waves   depending  on   the   Mach  number* of    the   flov;.      A   typical 

(3 

pressure- time   curve        at   the    gauge   shows    an  unsteady  pressure 

iiinnediately  after   tho    shock  passes,    followed  by  a  nearly  con- 
stant pressure   imtil    tho   reflection  waves   from  the    tube   ends 
reach  the   gauge. 
Pressure  reading 


-^T: 


FIGURE  4.      Typical  pressure-tine   record  from  an  exposed  gauge 
in  the   shock  tube. 
It   is   further   assu:ncd   that   the   v;allG   of   the    tube    ore    sufficiently 

distant   from  the   gauge    to  have  no  appreciable   effect.       (Sec    p. 13 

Appendix  for  criterion.) 

The    follovvinr   types   of  calculations   are    possible: 

(i)   Acoustic    scattering    (Wa'-o   Equation)    if   th.e  pr~r;uct  torns   in  the 

hy.'.r jdyn^^iical  oqur^^ti.^ns  arc    negligible     (  which  is   tho    case 

if  rLi  gauge   tends    to   be  non-directional   as    its    size    is 

red\LC-«.il,  Apart  from  the  analytical  complexity,  this  t^.'pe  of 

calculation  vould  not  be  restricted  to  the  steady  state 

hypotliesis. 

(il)        Incompressible,    irrotational   steady  flow   (potential 

flow)    aro'Jnd  various  baffle    shapes. 


*  That  is,   the  unperturbed  flow  speed    (relative  to  the   gauge)   divided   by 
the  speed  of  sound    (calculated  for  the  temperature   in  the  flowing 
medium  behind  the   shock  front). 
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(ill)   Comprcsalblo,  irrotaticnal,  stondy,  subsonic  flov: 
nroiJind  the  sano  b.nfflo  shapes  usin^  the  Pmndtl-Glnucrt 
rule,  modified  for  lar,';'e  velocities  by  the  results  of 
Knplnn  ^^  . 

( Iv   )   Conpressiblo,  irrotntion-il,  steady,  supersonic  flow, 
using  the  results  of  Donov  "t 

(v)   Turbulent  or  ■.mstoady  flow. 

Here  wo  report  only  on  (ii),  (iii)  and  (iv).   V/c 
calculate  the  percontano  pressure  perturbation 
^P  -     "^        ^  100  to  be  expected  for  various  baffle  shapes, 
P 
and  estimate  the  thickness  required  to  make   Sp  'v-  1  -  5  ^. 

3.      RESULTS   The  fi^rures  r;ivon  in  tables  I  and  II 
below  summarize  the  results  of  calculations  based  on  the 
formulas  given  in  the  appendix.   The  pressures  p  *  p,  p-,  are 
as  indicated  in  Pig.  2,  M  is  the  Mach  number  of  the  flow  (behind 
the  shock  wave),  and  the  ^p's  arc  the  percentage  decreases  In  p 
(at  the  Pr    marked  positions  shovm  in  the  following'!;  cases)  due  to 
the  placinc  of  the  baffles  in  the  flow.   Four  different  shapes 
of  baffles  are  considered  in  Table  I,  the  first  three  bclnf, 
Infinite  cylinders  ("tv/o  dim.ensional"'  cases)  with  cross-sections 
as  illustrated  belov;,  and  the  fourth  being  an  oblate  spheroid 
("three  dimensional"  case): 


FLOW      _^ 1 

— >    cm  — ^  I 


l/lO      Elliptical  cylinder. 


FLOV/ 


<^A  k>     t     1/10 


Flat  double   wedge  cylinder 

(angle     A      between     90°      and 
130°   for   calculations   in 
table   I), 
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I    l/lO    Smooth "burap"  cylinder  (Kaplan 't 
type  ^^  ). 


Oblate  spheroid  (axes   1  and 

l/lO  )  (three  dimensional  example), 


In   Tnble    II   the  op's  rl.onote    the    oorres ponding  "pcrcontrx^.e 
pressure   clecrcasos   due    to   lens   shaped    Infinite   cylinders 
In  supersonic   flows,    tho   subscripts    1,    ii   and   iii   referring 
to  A  =  90°,    60°   and   45°   rGspoctivcly    (see   FlG'^rc    below): 

5fiOCK         ^ 

^0P(  M  M.  Supersonic  flow  around  a   sharp 
FLOW               /                   ^      ~i^ 
>         ^<i^~^                   ~~~~;i;>-                       nosed  convex   cylinder.     According 

»  to     Donov       the  pressure   at     ♦ 

Shock  DEPEI^'DS  OMLY  on  the  angle     A. 

In  both   tables    ^T  denotes    the    temperature    jump   thru   the    shock 
front.      The  5p's  over-estinato    the   percent  perturbations   in 
gauge   readings   since    the    gauges   average    the   pressure   '"Ustribution! 
over   their  pick  up   faces, and   the  •»<■  narked  points   correspond 
to    the    largest  pert'iorbations    in   the    region  near  tho   middle    of 
the   baffle.    For  exanplo^the    pressiirc   perturbation   around   an 
elliptical  cylindrical  baffle   placed  "edge    on"    in   a   i:inifomi 
incompressible    flow  varies   according   to   tho   factor 

o  o 

T  (g+b)*"^   sin  9 

CL'-   sin   e  +b'^co3'=^9 

whore   a  and  b   are   the    s.emi-axes    (a>b)    of  the    ellipse   having   the 
parametric   equations   x  =  a   cos   ©   ,    y  =  b   sin  9.      In   fact  for 
low  Mach  numbers    it  v/oUld  be    advisable    to   place   the    gauge  near 
a   position   on   the  baffle   wlTcre    this    factor   is   zero.      Unfortunate- 
ly the   factor    is   completely  diffcr-.int  near   and  beyond   the   Mach 
number  vmity. 
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Tabic    I 

(    Sub; 

Tonic 

flow) 

P/Po 

Pl/Po 

M 

^Pl 

^P2 

^ps 

K 

AT°(C)   (in  <i.rr) 

1.3 

1.7 

.18 

.5% 

.3% 

.9 

Vo 

,4  % 

21*^ 

1.6 

2.6 

.32 

1.6 

1.0 

2.0 

1.2 

40^ 

1.9 

3.9 

.44 

3.1 

1.9 

5.3 

2,5 

57^' 

2.2 

5.4 

.52 

5.0 

3.1 

8.5 

3.8 

74° 

2.5 

7.3 

.62 

7.1 

4.4 

12.1 

5.4 

90° 

2.3 

11.0 

.69 

9.5 

5.9 

18 

7.2 

105^^ 

3.1 

13.5 

.75 

13.6 

7.7 

25 

9.5 

120° 

3.4 

16.1 

.80 

19 

10.3 

35 

15,3 

135'' 

Tnblo    II 

(    Supersonic    flo\' 

•) 

P/Po     Pl/Po 

M 

^Pi 

^Pli 

5  Pill 

AT°(C)  f/na.rj 

10          170 

1.34 

25% 

5.3% 

3.2% 

440° 

12        1300 

1.42 

28 

6.4 

3.5 

530° 

14        2900 

1.47 

27 

6.3 

3.4 

630° 

20     33000 

1.58 

27 

6.1 

3.3 

900° 

The  Mach  number  M  In  the  above  tables  should  be  referred  to 
sound  speed  at  the  temperature  Tq  +  ^T,  where  Tq  is  the 
initial  temperature  of  the  medium  around  the  baffle. 

4«  Remarks. 

The  above  values  of  5p  should  be  quite  accurate  for  a 
shock  tube  subject  to  size  conditions  given  on  p.  13.   For 
actual  blast  waves  in  open  air  (or  water)  it  is  possible  that 
there  may  be  additional  sizable  contributions  due  to  the  rapid 
variation  of  pressure  behind  the  shock  front.   When  (i)  p.  3 
does  not  apply  it  is  apparently  almost  impossible  to  handle 
such  contributions  theoretically.   Farther  study  is  planned. 

-"-  For  water  p  is  replaced  by  o  +  3000  atmos  and  i  by  7,  in 

the  formulas  in  the  Appendix. In"  thp  tables  colu.T;Tns  5*.7  rpply  to 
steady  plane  shocks  in  any  medium. 
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Tho   low  vilues  of     ^p   for   the    flat   double   'VGdcc    indie 'itc 
thnt   for  subsonic    flov;   it    is    important   to  have   f\n   apprccinblo 
P'lrt  of   the   baffle    flnt   nro^Jnd   the    face   of   tho    gauge. 

For   supersonic   flov;,    the   cdf^e    angle   A   should  be    as    siall 
as    is    practical. 

Coxnparinr;   the    results    for   the    ellipsoid    and   the   correspond- 
ing elliptic   cylinder,    it   is   sug-'csted   that    for   a   three   diinension- 
al  baffle   obtained  by  rotating  a   given  profile    about   its  minor 
axis,    6p  will   be   roughly  3/4   the     Op   for    tlio   corresponding 
two-dimensional   flow   around   the    profile. 

In   general,    the    dependence    of    op  on  t    is    approximate; ly 
linear  for   small   ratios   t   of   thickness   to   length  of  baffle. 
For  a  baffle   of   a    given   shape  but   tvricc   as   thick,    p  v/ill   be 
nearly   twice   as    large.      For  viues   of   t   grc^tor   than    ,3,    how- 
ever,    S  p  varies   considerably  over   the    gauge    face   and  hence    an 
integrated  moan     must  be   employed. 

The    following  baffle   shape    should   reduce    6 p  to   less    than 
5   percent,    for   all   values   of  M      except   those  near   1    . 


-Q60' 


"%     I     b  =   a/10 


SIDE  VIEW  OF  BAFFLE 


FIGURE  5.    Recommended  form  of  baffle.  TOP  VIEV/  OF   BAFFLE 

To   reduce      O  p    to   1   percent   for  values   of  M ->-'   .7  or    .8 

it  would  be   necessary  to  have   b/a  ^'    1:50. 

For  an   oblate    spheroidal  baffle   the    actual   ;)crturbation 

in   the    gauge    reading  can  be   calculated   fairly  accurately  -    a 

fact  which  is   of    interest  when  the   size   of  tho  baffle    is 

restricted  by  buffeting   effects, 
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a)  Pressure,  relations  in  tho  shock  tube. 

f  7 

Usin.^  the  notations  and  results  of  G.  T.  Rc2,'nolis; 

v/e  have 


J     V+  42(p/pJ  j 


This  is  the  formula  used  in  calculating  P-i/p  •   It  is  valid 
only  when  the  expansion  rmd  conpression  chambers  arc 
in  th..r  lal   equilibrivin  before  the  diaphragm  is  broken.   In 
case  there  Is  an  initial  temperature  discontinuity,  T-,  -  T  , 


b)  Mach  number  of  the  flov;. 

If  M  is  the  Mach  number  of  the  mass  flow  behind  the 
shock  wave  when  no  gauge  is  present,  then 

(1  -  P./P)' 


(2)  }^ 


!3  +  1,58  V   /p 
-  o'  -^ 


/  Q 

This  may  bo  obtained  directly  from  the  follov^inr',  relationsi 

\  °     H  p  "^  Po 


(4)  (u  -  w)2  =  1 


1  -1 


^^^   fo   P 

fo^    f   7) 
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(6) 


2  P^-^ 


(7)  /A^    =  4tT      '       "^    "   l-'i      ^^°^   '^-i^) 


When 


v;   is    thn   velocity  of   the    shook  front 
u   is    tho   veloc.it;'-  of    the    nir  bohirxd   tho   shock   froni 
p,  p     '^.rc   the   densities   of    tho    nir  behind  and    in  .'^ 
of  tjiO    sliock   front,    respcctivelv. 


c.    The   perccntaGe   pressure   devirtion    (s-ibsonic) 

Using 
coefficient, 
(8)  r         -  ^P 


I  9 
Using   the   notation   of  K;iplan        ,   v;c   define    a  pressure 


v/herc    Ap   is    the   change    in   tho   pressure   p  due    to    the   presence 
of  the    gauge   and  baffle.      It    is   assuned   that   the   flow  pattern 
aro\ind  the   baffle    is    steady,    tho   air  cornpresslMc,    and   thrit 
the   walls    of   the    tube   have   no   effect. 

By  the   Prandtl-Glauert   rule^        for  thin   profiles, 

^r),o 
(9) 


P'^'^        /TTTp 


where  C     is  tho  pressure  coefficient  for  inconprcssihle 
p,  o 

flow  -  i.e.  a  shape  factor.   From  the  Bcrr.^-Ulli  eauation 


(10)  Cp^^  =  1  -  (!)■ 


v.'here  q  is  tho  velocity  of  flow  across  the  gauge  (nearly 

constant  since  the  gauge  is  small  with  respect  to  the  baffle), 

Combining  these,  we  have 

p 
-  70  ^I 

Sp     rr  '  C  ,  (70        is         50      i   ) 

(11)  yjl     -     m"         P'     ° 
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The,    extensive   c;>.lcul'tljn3   of  Kaplan    lndic:-to    thc.t 
this   fomul;i    is   correct  for   the    shapes   conaiderccl  for 
values   of  M  up   to    .6.      For  hirrhcr  values   of  M    it   :Tives 
a   result  which   is    slir^htly  too   snail,    depending  on   the 
values    of  M   and   t.      The   procedure   of   this  Tnonorandun  has   been 
to  use    (  11),    but  nultiply   it   by  a  v/oinhtinc  factor  for  M/^  .  7 
or    .8,    the  vrol^ht  ii^  factor  depending  on   the    relative  thick- 
ness  .and  upon  M.      This   factor  never  exceeds   1.3    in   the   present 
work, 

d.      The   pressure    cocfficicmt    C           (subsonic). 
2x2 

This   must  be    calculated   directly  fron  the    incoriprQos- 

ible   flow  pattern   around   the   baffle. 

(1)    Elliptic   cylinder:    axes      2a,    2at    . 

The  two-dimensional  flow  pattern  arovuid  an  ellipse 
is  well  knovm  .  At  the  end  of  the  semi-ninor  axis,  i.e. 
at    the  middle   of  the    gauge    ,    it   ;;ives: 

(12)  q   =   u    (1   +    t)    . 

Hence,,  rcferrinr    to    (10) 

(13)  Cp^^     =  :  2 1  -"  t2  _ 

For   t  =    .1,    this    rives 

(14)  Cp^^  =     -    .21    . 

( i i )    Flat,    tapered  wedge . 

For   the    tv/o-dinensional    flow   around   the    flat   wedge 

pictured  on  pagu  4.  the    stand'. rd   Schvmrtz-Christof fcl  napping 

f  12 
nethod^         gives 
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(15)  q   =  u(l+^t+      hirhcr   pov/cr   In   tj 

at   the   mid  point.      To   the    flrr.t  pov/cr   in   t,    q    I3    independent 
of   the    (given)    vortex   an;-lo.      Ac"in   choonin^   t  =     .1,    ve 
olotain 


(10)  C  =      .13. 

p,o 

(  ii  i  )    Smooth    '  bvunp  '  .    ( Kaplan  '  s   type  ) 

The  parametric  equations  of  this  profile  are 


(17) 


2  +  t         t 
X  =  — :; —  cos  9  -  -  (3  cos  0-   -  cos  3  o) 
4  4 


-J  =     I  (3  sin  9   -  sin  3  9  ) 


The  two-dimensional  flov/  aroi:uid  this  baffle  has  been  calcul-^ted 
by  Kaplan^    and  gives,  for  t  =  .1, 

(18)  <^_   =  -   .  36  . 

p,o 

Actually,  since  this  shape  is  tapered  to  a  cusp  it 
the  ends,  it  is  relatively  thicker  for  a  given  value  of  t 
than,  say,  an  ellipse.   For  t  -    ,06,  this  shape  is  roughly 
equivalent  to  on  ellipse  witli  t  =  ,1  . 

(iv)  Ellipsoid:  axes  2a,  2a,  2at  . 

To  estimate  the  error  introduced  '-^y  tv;o-dimens  j.onalizing 
the  flow,  the  pressure  cooffici"nt  for  an  ellipsoid  is 
calculated.   The  velocity  potential  of  the  incompress iblc 
flow  pattern  around  an  ellipsoid  is 


(19)    <i)  =  uxi  1  +  ^   I 


d(J- 


A 
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v/licn    .^    iz   defined  by 


2^2  2 

(20)  ^Sr^  +   ^1— 


and 
(CI) 


^0      (a"-.^)^    (a^2.<r)V2 

At   the   point    (o,    o,    nt),    this   rives 

oL 

(22)  q  =  u(l  +  —2-    )       . 

2-cl 
o 

ol     may  be    intcj^r-.tcd  explicitcl",    and   r,ive3_,for   t  =   ,1,  od^=   .14. 

HoncG, 

(25)  C  =  -    .16    . 

e )    The   pcrconta;^c   pressure   pcrt-'.irb^tion    (su7:rsonic) . 

The   results   obtnined  by  Donov^""^  rrrj  be   used   directly  to 

(24)  Sp  =  f(::)(3^, 

v/hen     2j3    is   the    edge   nn?-lc,A(see  p^g-    5)    and 


oiC^  +  D-.f     C      1    .    5  -1   .J2        5^-5    .,4} 


(25)  f(M) 

C'-^-i) 

The    giiuge   surf -20 e    is   cssun-.d   to  be    flat   and   the   baffle    should 
be   convex.      The   flov/  lias   been   t^-o  dincnsicnalized. 
f )    Tenpcrature   variation. 

AsrunLnr.   the   s-s    l^v;  pv=  RT,    and  usinr    (3),    -vo   obtain 

(P/Po)^   -    1 

(26)  ^-r  ^  T^  2 , 

°      1   +  5p/p 


RESTRICTED 


■   ,,  RESTRICTED 

v.'hcn  T      I3   tho    tcnperaturc    in    thn    expansion   chnnhcr    in    front 
of  the    shock,    r>.nd  T     +AT   Is    t'lc    tompcrature   behind   the    shock, 
C)    Tube   wall  offoct. 

To  estin-itc    the   error   involved   in  nccloctinf,  the    tube 
v;alls    the   two  dimensional    flov;  aroxand   ■■>.  rectanclo    in    '. 
channel  v;as    conpnrod  with  that   of   the    samo   rertan{];lc    in   an 
infinitclj  v/idc   eh  .nncl. 


L 

'\ 

^ 

^ 

■"    ii 

L_ 

■% 

Zl  I^ 

"D 

' 

The    velocity  of   flow  at    the  ir.id  pointfof   the    rectangle   can  be 
calculated  by  means   of   the    Schwartz-Christoff el  mappinc  process- 
Assvuning   that  h  is    snail    in  comparison  with  L,    tho   result   is, 

v;hero   s   ~  L/L   .      The   percentage    error    in  neglecting   the   '.vail 
effect,    then    is 


(27) 


=      25 


TT  a 


This  formula  is  valid  for  small  s  only.   For  s  /n^  .2  -  .4  it 
gives  too  large  a  value  for  the  error.   A  sxiccessive  approxima- 
tion calculation  for  s  =  ,4  and  t  =  .l.v/as  carried  out  and 

indicated  a  value  of  S  C   ^  of  somewhat  less  than  10  percent. 
p,o 

For  a  baffle  whoso  length  is  less  than  40  percent  of  the  shock 
tube  diameter, then,  the  effect  of  tho  tube  wall  will  not 
materially  change  the  results  in  Tables  I  and  II.  This  reailt 
refers  to  M  «  1.   For  M  >  1  the  walls  shoulri  produce  negligible 
perturbation  if  L/(D  -^  )  <  M. 
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